of this methodology exist. [9] [10] [11] [12] An early (1958) yet recently popular (>10,000 citations over the past five years) method was reported 13 by Hummers et. al . who demonstrated that GO may be obtained by exposing graphite to a mixture of KMnO4 and NaNO3 in H2SO4. Subsequent variations of this method have enabled access to single-layer GO and other forms of oxidized carbons. [14] [15] [16] [17] Despite its prevalence, the underlying chemistry of the Hummers' method is not well understood and varying or irreproducible outcomes are often obtained despite many experimental 18, 19 and computational [20] [21] [22] [23] [24] studies.
While in situ analyses of Hummers-type oxidations could help to enrich our understanding of the underlying mechanism(s), such reactions are typically performed in concentrated H2SO4 and in the presence of a strong oxidant which excludes the use of conventional characterization techniques, such X-ray photoelectron spectroscopy (XPS), FTIR spectroscopy, and elemental analysis. To overcome this limitation, we utilized in situ X-ray diffraction (XRD) and in situ Xray absorption near edge structure (XANES) analyses with synchrotron radiation to monitor the oxidation of graphite under the aforementioned conditions. These data in conjunction with a series of atomic absorption spectroscopy, UV-Vis spectroscopy and elemental analysis measurements enabled the Hummers-type oxidation of graphite to be optimized. Ultimately, we found that additives, such as NaNO3, were not necessary to form GO. A simple recipe that consists of only graphite, H2SO4, and KMnO4 facilitated the efficient oxidation of graphite. <Results and Discussion>
Synthesis of GO: The Essentials
According to the original Hummers' procedure, graphite should be suspended in H2SO4 and treated with 50 wt.% of NaNO3 followed by the addition of 300 wt.% of KMnO4. 13 Over the course of the reaction, NaNO3 converts to various noxious and environmentally-unfriendly gases; thus, 5 analogous methods that do not utilize this salt are desired. For example, Kovtyukhova demonstrated that graphite may be pre-treated with P2O5 and K2S2O8 in H2SO4 in lieu of NaNO3.
14 Likewise, Tour reported a method that utilizes H3PO4 instead of NaNO3. 17 Alternatively, pretreating graphite with MnO2 15 or exposure to microwave radiation 16 has also been shown to promote the formation of GO (Figure 1, step 1 and 2 ). The Tour group reported that the initial step in Hummers-type oxidation methodologies is the formation of a graphite intercalated compound (GIC). 18 Since it is known that GICs can form in the presence of an oxidant, the NaNO3 and other additives may facilitate graphite interlayer expansion and promote the insertion of the manganesebased reagent, 25, 26 although KMnO4 has also been shown to form GICs as well. 27, 28 The chemical reactions between graphite and NaNO3 or KMnO4 were independently monitored by XRD, and it was determined that GICs were formed in both cases. As shown in Figure S1 , as little as 1 wt.% of KMnO4 with respect to graphite was needed to successfully form a GIC. It was also observed that graphite underwent oxidation in the absence of NaNO3, although the intensity of the signals assigned to the presence of C-O bonds, as determined by XPS, was slightly lower when compared to reactions that included NaNO3. Regardless, the product obtained using only KMnO4 was subsequently exfoliated to single-layer GO via sonication and the elemental composition was measured to be similar to an analogous material prepared using KMnO4 and NaNO3. Based on these results, the role of NaNO3 did not appear to be significant and subsequent experiments were performed without this reagent.
Shi previously noted that water enhances the oxidation of graphite ( Figure 1, step 2) . 29 Building on this observation, a series of GO samples were synthesized in the presence of various quantities of water (0.001 -20 vol.%) and then characterized using XPS as well as elemental composition 6 analysis. Although XPS showed that a product with a relatively high oxygen content was formed when the reaction medium was comprised of 20 vol.% water ( Figure S2a ), elemental analysis indicated that the GO contained the lowest quantity of oxygen ( Figure S2b ). To resolve this discrepancy, the products were characterized using optical microscopy. From these studies, it was determined that complete exfoliation did not occur when 20 vol.% of water was used ( Figure S2c ).
Since water facilitates the removal of intercalated metal species, 30 any excess may have prevented the intercalation of Mn and resulted in surface oxidation exclusively. Shi also proposed that O3, formed from water and KMnO4, enhances the oxidation of graphite. 29 Under such conditions, the oxygen atoms on GO should be at least partially derived from water. Figure S3 ).
Based on these results, we concluded that the pre-oxidation graphite is not necessary and that the key reagents needed to facilitate Hummers-type oxidations are KMnO4 and concentrated H2SO4.
In addition, the use of less than 5 vol.% of water was found to facilitate the formation of singlelayer GO after sonication.
Time Course Analyses of the Graphite Oxidation Process
The oxidation of graphite has been proposed to proceed via a GIC 18 or through a process that involves unzipping of the graphite surfaces and edges ( Figure 1 , step 3). 31 The structural changes that graphite undergoes under oxidative conditions were monitored over time using XRD with synchrotron radiation ( = 0.8 Å). 32 A signal derived from graphite (2 = 13.9°) disappeared almost immediately upon the addition of KMnO4, and a new signal assigned to a GIC appeared at a lower or the GICs, it was consistent with analogous data reported in the literature (0.78 nm). 18 The size of graphite was also found to affect the intercalation process: when relatively large graphite particles (average particle size: 150 m) were used, a mixture of graphite and GIC were observed after 1 min, and the GIC remained intact for more than 90 min ( Figure S6b ). In contrast, the use of relatively small graphite particles (average particle size: <75 m) resulted in a single signal that was attributed to the formation of a GIC. Thus, we concluded that the structure of graphite becomes completely disordered within approximately 1 h after exposure to KMnO4 under acidic conditions. Inspection of the data revealed that there was no clear correlation between the degree of disorder and the extent of graphite oxidation. As graphite is oxidized with KMnO4, the Mn undergoes reduction; therefore, an analysis of the oxidation state of the Mn over the course of the reaction may correlate with the extent of the reaction. The active species involved in the oxidation of graphite is Mn2O7 or MnO3 + , 33 and the oxidation reaction may initiate upon the intercalation of these species into the layers of graphite. To better understand the reaction mechanism, the concentration of Mn in the liquid phase over the course of the oxidation reaction was followed by atomic absorption spectroscopy (Figure 3a) . A signal attributed to Mn attenuated by approximately 50% after 10 min of reaction time, and nearly 85% after 120 min. These results were consistent with an accumulation of Mn in the layers of graphite. Next, the consumption of Mn(VII) species and the oxidation degree of graphite was evaluated by UV-Vis spectroscopy. In concentrated H2SO4, KMnO4 is converted to Mn2O7 or MnO3 + , which is then transformed to MnO4 -in the presence of water. Since MnO4 -is readily reduced in the presence of lower valent Mn species, samples were centrifuged and filtered to remove any undissolved Mn-containing compounds, and then diluted with water. Using this methodology, it was determined that 40% of the Mn(VII) species were consumed within 10 min and were nearly completely consumed within 120 min or upon the addition of water (Figure 3b (▲)). Conversely, the oxygen content of the oxidized graphite gradually increased over time (Figure 3b (○) ). The size of graphite also affected the intercalation process as relatively slow consumption rates of the Mn(VII) species were measured when relatively large graphite particles were used ( Figure S6 ).
Since the consumption rate of Mn(VII) and the average oxidation state of the Mn-containing species over the course of the oxidation reaction can serve as benchmarks to estimate the progress of the formation of GO, a series of in situ XANES experiments were performed. Inspection of a series of Mn standards ( Figure S4 ) revealed that a characteristic Mn(VII) pre-edge peak was observed at 6542 eV and that the main absorption regions of each spectra shifted to lower energies as the oxidation state of Mn was reduced. As such, the intensity of the pre-edge signal and the position of the main absorption were used to measure the consumption of Mn(VII) species as well as the average oxidation state of Mn in the reaction mixture over time. As summarized in Figure   3 , the intensity of the pre-edge signal derived from the Mn(VII) species gradually decreased over time and was consistent with the consumption rate measured using UV-Vis spectroscopy. Since the XANES spectra did not significantly change after 4 h, we concluded that the oxidation of graphite was complete. A XANES spectrum recorded for the centrifuged reaction mixture before the addition of water was also recorded. While the liquid phase of the mixture showed a relatively strong pre-edge signal that was assigned to Mn(VII) (Figure 3c ), the species was not observed in the solid phase (Figure 3d ). Collectively, these results suggested to us that Mn(VII) species undergo gradual intercalation but rapid reduction in the graphite layers. Our conclusion that graphite undergoes oxidation within 2-4 h was consistent with that of Kovtyukhova et al., who reported that graphite requires > 30 min to transform to GO under oxidative conditions. 14 At the end of the reaction (120 min), the average oxidation state of the Mn species was determined by the position of main absorption region to be +3. Thus, the stoichiometry of oxygen atoms that were transferred from the KMnO4 to the graphite was calculated to be approximately two (2) . Based on the Mn degree of reduction, the utilization efficiency of oxygen atoms from KMnO4 was determined to be 84% (see ESI). Thus, H2O2 appears to facilitate the solubilization of the Mn species, which enables the purification of GO by filtration or centrifugation. 
Optimum Oxidation Conditions
In the original Hummers method as well as in modified derivatives, the mass ratio of the KMnO4 and graphite employed is typically within the range of 2.5 36 -6 17 and reaction is typically performed for periods that range from 30 min 13 to 5 days (Figure 1, step 6) . 18, 37 It is well known that excess KMnO4 results in the formation of defects and promotes overoxidation, 38, 39 and longer reaction periods may decompose the product. 31 Nishina reported that the oxygen content of the GO product correlates with the quantity of KMnO4 employed, 36 although the further increase of oxygen content was not observed when the initial ratio of KMnO4 to graphite was >3 (Table S1 ).
The relationship may be due to the elimination of CO2 which competes with the oxidation of GO in the presence of excess KMnO4. Similarly, we also found that the reaction temperature was an important parameter. In the modified Hummers-type methods, the reaction temperature has been Moreover, reducing the temperature to 10 °C did not result in the formation of CO2 or the desired product (Table 1 , Entry 3, Figure S10 ). When the reaction was performed for a longer period of time (24 h) and/or the ratio of graphite/KMnO4 was increased, greater quantities of CO2 were observed ( Table 1 , Entry 4-6). Based on these observations, it was concluded that the oxidation reaction should be performed near 35 °C for 2 h to obtain high quality GO in high yield ( Figure 1 , step 6). a Graphite (3.0 g) was stirred in 95% w/w H2SO4 (150 mL) on an ice bath and KMnO4 (amount indicated) was slowly added to the solution to maintain a reaction temperature of <10 °C. The mixture was then stirred at 35 or 80 °C for a period of time (indicated). Liberated CO2 was trapped using a saturated aqueous solution of Ba(OH)2. The resulting product, BaCO3, was collected by filtration and the weighed to calculate the quantity of CO2 generated over the course of the oxidation reaction.
Quenching the reaction prior to purification is also required. As such, various reducing agents to convert insoluble Mn(III) to soluble Mn(II) species were screened, including NaBH4, hydrazine and ascorbic acid. Ultimately, it was determined that citric acid was a selective reducing agent for Mn, and can successfully remove the Mn species from GO (Figure 4c, Figure S9 ).
In the conventional Hummers-type methods, KMnO4 is added at <10 °C, and then the resulting mixture is heated to 35 °C. However, when GO was synthesized on a large scale (500 g), the temperature of the reaction mixture exceeded 50 °C even when a water bath was used as the coolant.
Indeed, controlling the temperature of graphite oxidation reactions can be challenging for multiple reasons: 1) Mn2O7 formed from KMnO4 and H2SO4 has been reported 42 to explode at temperatures exceeding 55 °C, 2) defects are introduced upon elimination of CO2 at elevated temperatures (e.g., see Table 1 ), 3) the oxidation reaction is highly exothermic ( Figure S8 ), and 4) the oxidation does not proceed at temperatures below 20 °C ( Figure S10 ). We surmise that large-scale reactions can result in the accumulation of Mn(VII) species which exothermically react with graphite and causes rapid temperature elevation. To overcome these limitations and to develop a safe and efficient synthesis of GO, a continuous flow system was devised (see Figure 5) . A solution of KMnO4 in H2SO4 was cooled to <10 °C and a separate suspension of graphite in H2SO4 was kept at room temperature before mixing. Teflon-coated plunger pumps were adjusted to 1 mL/min and an appropriate volume of tubing (6.25 mm OD, 5.15 mm ID), heated at 35 °C, was used to limit the residence period to 2 h. The product mixture was fed into an aqueous solution of citric acid at <10 °C to quench the reaction. Ultimately, the system facilitated an efficient and continuous production of GO, as determined via SEM and other techniques ( Figure 5 , Table S3 ). 
<Conclusion>
We have clarified the essential reagents and reaction conditions required to oxidize graphite to GO in high efficiency and consistency. A series of in situ analyses facilitated the elucidation of the optimal reaction conditions, and revealed the roles of water and H2O2: water effectively decomposes Mn(VII) to terminate the oxidation reaction whereas H2O2 enhances the solubility of various Mn species. It was also discovered that H2O2 could be replaced with a mild reducing agent, such as citric acid, without detriment to the outcome of the reaction. We also demonstrated that GO can be prepared using a continuous-flow system, which enables a relatively safe and reproducible method to prepare the material on large scales. <Methods>
Optimized Synthesis of GO
Graphite (500 mg) was stirred in 95 wt.% H2SO4 (25 mL). KMnO4 (1.5 g) was gradually added to the solution while keeping the temperature <10 °C using an ice bath. The mixture was then stirred at 35 °C for 2 h. The resulting mixture was diluted by water (25 mL) under vigorous stirring and cooling so that the temperature did not exceed 50 °C. The suspension was further treated with 30 wt.% aq. H2O2 (1.25 mL). The resulting suspension was purified by repeated centrifugation from water.
Methodology
The in situ XRD analysis were performed at the BL02B2 beamline at SPring-8, Japan. The incident X-ray beam was monochromated to 15.5 keV ( = 0.8 Å) using a Si (111) Optical microscope images were taken using a LEICA DM2760 microscope on a non-reflecting glass substrate. TGA was performed using a RIGAKU Thermo plus EVO2 analyzer using N2 as the carrier gas (300 mL/min) and at a heating ramp rate of 6 °C/min. TGA-MS was performed using a SHIMADZU GC-MS QP2010 analyzer using He (99.999%) as a carrier gas (300 mL/min) and at a heating ramp rate of 6 °C/min. The MS measurement was performed in the SIM mode to detect target molecules. The GO was dried using a ADVANTEC DRZ350WC lyophilizer prior to CHNS elemental analysis, XPS, TGA, or TGA-MS. Additional procedures are described in the Supporting Information.
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